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Abstract We present the results from an experiment

dedicated to measure the lifetime of the 2+2 state, can-

didate for the one-phonon mixed-symmetry state, of
208Po. This nucleus was studied in the α-transfer re-

action 204Pb(12C,8Be)208Po and the lifetime of the 2+2
state was determined by utilizing the Doppler-shift at-

tenuation method. The experimental data show that

the 2+2 state decays with a sizable M1 transition to the

2+1 state revealing its isovector nature.

Keywords Lifetimes · Electromagnetic transitions ·
Transfer reactions · 190≤ A ≤219

PACS 21.10.Tg · 23.20.g · 25.45.Hi · 27.80.+w

1 Introduction

The nuclei with two proton particles (holes) and two

neutron particles (holes) away from doubly-magic nu-

clei are the simplest nuclear systems in which both nu-

clear collectivity and the two-fluid nature of the nuclear

matter can simultaneous be manifested. It is expected

that such nuclei will have well pronounced low-lying

2+ isovector states [1]. In these states the valence pro-

ton particles (holes) and neutron particles (holes) move

out of phase and the properties of these states are sen-

sitive to the isovector part of the proton-neutron in-

teraction. These isovector valence-shell excitations are

called mixed-symmetry states (MSSs) and appear natu-

rally in the framework of the Interacting Boson Model-2

(IBM-2) [2,3]. The basic approximation of the IBM-2

ae-mail: dkocheva@phys.uni-sofia.bg

is that collective excitations can be described by pro-

ton and neutron bosons as each of them represents a

correlated pair of valence protons and neutrons, respec-

tively. In this model a new degree of freedom arises from

treating the proton and the neutron bosons separately

which leads to a new symmetry called F -spin symmetry.

This symmetry leads to the existence of special classes

of IBM-2 eigenstates, characterized by their symme-

try under the pairwise exchange of proton and neutron

bosons [4,5]. States that are totally symmetric under

this exchange are called full-symmetry states (FSSs).

States that contain at least one antisymmetric pair of

proton and neutron bosons are called mixed-symmetry

states (MSSs). According to the IBM-2, the lowest-

lying isovector valence-shell excitation in vibrational

nuclei is the one-phonon mixed-symmetry state [2,3].

The isovector character leads to unique decay proper-

ties of this state. Since the relevant difference of boson

g-factors gπ−gν is of the order of one nuclear magneton,

one can expect that the allowed M1 matrix elements be-

tween MSSs and FSSs should be roughly of the order

of 1 µN [6]. This value is expected when an isolated

MSS is observed. Quite often the one-phonon MSSs are

fragmented or have imbalanced proton-neutron content

[1]. As results the M1 strength spreads over few states

and smaller B(M1) values are observed as can be seen

in Table 3 in Ref. [6]. In any case, however, the ex-

tracted B(M1; 2+ms → 2+1 ) are significantly larger than

the ones between FSSs which are forbidden in the IBM-

2 and typically are of about 0.02-0.01 µ2
N . In this way

the sizable B(M1; 2+ms → 2+1 ) serves as a specific exper-
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imental signature for identification of the one-phonon

MSSs.

The best examples of one-phonon MSSs of stable

nuclei are found in the mass A≈ 90 region [6]. Sev-

eral examples of MSSs have been identified close to the

N=82 neutron shell closure [7–12] down to 132Te, i.e.,

close to the doubly-magic nucleus 132Sn. Recently, a few

examples of MSSs have been identified in the vicinity

of the doubly-magic nucleus 208Pb [13–15].

The first isovector state in the mass A≈ 200 region

was observed in 212Po, as discussed in Ref. [13]. In this

study, it was shown that the 2+2 state of 212Po at 1512-

keV excitation energy decays to the 2+1 state with a

M1 transition of sizable strength. The measured value

of B(M1; 2+2 → 2+1 ) = 0.126(16)µ2
N was interpreted

as an experimental evidence for the isovector nature of

the 2+2 state of 212Po. The nucleus 212Po has two va-

lence protons and two valence neutrons with respect

to the doubly-magic core 208Pb. The particle-hole mir-

ror partner of 212Po with respect to the neutron num-

ber N=126 is 208Po. Therefore, it can be expected that

the properties of the one-phonon MSS of 208Po will be

similar to the ones of the one-phonon MSS of 212Po.

Indeed, the 2+2 state of 208Po at 1263-keV excitation

energy can be considered as a candidate for the one-

phonon MSS due to the fact that this state decays pre-

dominantly to the 2+1 state, Iγ(2+2 → 2+1 )=100(11) and

Iγ(2+2 → 0+1 )=64(7) [17], and the former transition has

a well pronounced M1 character with a multipole mix-

ing ratio of δ ≤0.48 (cf. Ref. [17] which is based on the

αK conversion coefficients obtained in Ref. [18]). The

only missing piece of experimental information is the

lifetime of the 2+2 excited state of 208Po, which, if the

state is indeed the expected MSS, should be short in

order to yield a sizable M1 strength to the 2+1 state.

All of this has motivated us to perform an experiment

dedicated to measure the lifetime of the 2+2 state of
208Po.

2 Experimental set-up

The experiment was performed at the FN Tandem fa-

cility of the University of Cologne, Germany. The life-

time of the 2+2 state of 208Po was measured by means

of the Doppler-shift attenuation method (DSAM) (cf.

Ref. [19] and references therein). The excited states of
208Po were populated using the 204Pb(12C,8Be)208Po

α-transfer reaction at a beam energy of 62 MeV. The

target was a self-supporting 23 mg/cm2 thick Pb foil

enriched up to 99.94% in the isotope 204Pb. The reac-

tion was induced in the reaction chamber of the Cologne

plunger device [20] in which an array of solar cells was

mounted at backward angles with respect to the beam

direction. This array was used to detect the recoiling

light reaction fragments. The solar cell array consisted

of six 10 mm × 10 mm cells placed at a distance of

about 15 mm between their centres and the target cov-

ering an angular range between 115◦ and 165◦ in respect

to the beam. After transferring one α-particle to 204Pb,
12C transmutes to 8Be which almost instantaneously

decays to two α-particles. In order to detect these α-

particles but to stop fragments from other transfer re-

actions, an Al foil with a thickness of 80 µm was placed

between the target and the solar cells. The γ rays from

the decay of the excited states of 208Po were registered

by eleven HPGe detectors mounted outside the plunger

chamber in two rings at a distance of, on average, 12 cm

from the target. Five detectors were positioned at back-

ward angles (142◦ with respect to the beam axis) and

the other six detectors were placed at forward angles

(45◦ with respect to the beam axis). The set-up also

included seven LaBr3(Ce) detectors at 90◦ (with re-

spect to the beam axis) for fast-timing measurements.

The results from these fast-timing measurements are

presented in Ref. [21].

3 Data analysis and results

The data were sorted offline in coincidences of at least

one solar cell and one HPGe detector (particle-γ) or

of at least two HPGe detectors (γ-γ). A partial level

scheme of the states of 208Po populated in the present

experiment was constructed on the basis of the γ-γ co-

incidences. The resulting level scheme is presented in

Fig. 1 and it is in agreement with the previously re-

ported level schemes of 208Po [17]. For the spin-parities

of the observed states, we have adopted the values re-

ported in previous studies [17].

The particle-γ coincidence data were sorted in two

matrices depending on the position of the HPGe de-

tectors with respect to the beam axis. For both combi-

nations two types of matrices were sorted according to

the choice of the window size of the relative timestamp

differences between any reference detector and other de-

tectors. One of the matrices is determined from particle-

γ coincidences hitting the detectors within a small coin-

cidence window size, the so-called ”prompt” matrices,

and the other one is the random background matrix.

The final matrices, which are used in the present anal-

ysis, are determined after the subtraction of the back-

ground matrices out of the ”prompt” ones. A projection

of the particle-γ matrix obtained with γ-ray detection

at 45◦ is shown in Fig. 2(a). The γ rays in coincidence

with the particles labeled as ”208Po” in Fig. 2(a) are

shown in Fig. 2(b). The γ-ray spectrum is dominated
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Fig. 2 (Color online) (a) The projection of the particle-γ matrix obtained by coincidence detection of charged particles in
the solar-cell array and γ rays at Θγ = 45◦ polar angle. The dash-dotted boxes represent parts of the particle spectrum found
to be in coincidence with γ rays from the indicated nuclei. (b) The γ-ray spectrum in coincidence with the group of particles
indicated as ”208Po” (dashed box) in panel (a).

by the 686-keV and the 660-keV lines which are the γ-

ray transitions depopulating the first two yrast states

of 208Po [17]. The γ-ray transitions at 576 keV and 1263

keV, which depopulate the second 2+ state to the 2+1
state and the ground state, respectively, show lines with

assymetric shapes due to Doppler-shift attenuation ef-

fects, which in the following we will call ’Doppler-shifted

shapes’. This allows us to extract the lifetime of the 2+2
state of 208Po.

The line-shape analysis was performed with the soft-

ware package APCAD (Analysis Program for Continu-

ous Angle DSAM) [22]. In APCAD, the slowing down

process is simulated by GEANT4 [23]. The electronic

stopping powers were taken from the Northcliffe and

Schilling tables [24] with corrections for the atomic struc-

ture of the medium, as discussed in Ref. [25]. The an-

gular straggling due to nuclear collisions is modelled

as a discrete process by means of Monte Carlo sim-

ulation while the corresponding energy loss is consid-

ered to emerge as a result from a continuous process

for which the nuclear stopping powers were taken from

SRIM2013 [26] and reduced by 30% [27]. The analy-

sis accounts for the response of the HPGe detectors,

for the experimental geometry, and for the restrictions

on the reaction kinematics imposed by the solar-cell

array. In contrast to fusion-evaporation reactions, the

α-transfer reaction as a direct reaction populate only

discrete states. Therefore, potentially slow feeding can

only be discrete one. The feeding histories of the levels

of interest were determined from γ-γ coincidence data.

Since the transitions used to extract the lifetimes of

the states of interest, were not observed in coincidence

with any transitions from higher-lying states or other

unknown γ rays, no slow feeding was considered in the
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analysis. This approach has been used in Ref. [28,29]

and has been verified in Ref. [13] by extracting an al-

ready known lifetime.

The lifetime of the second excited 2+ state of 208Po

was obtained from the line shapes of the 576-keV (2+2 →
2+1 ) and 1263-keV (2+2 → 0+1 ) transitions. A special

care was taken to account for the impact of the 575-

keV (2−, 3− → 3+1 ) (cf. Fig 1) transition which con-

tributes extra counts to the intensity of the 576-keV

(2+2 → 2+1 ) line. In order to determine the contribu-

tion of the counts coming from the 575-keV transition

we used the intensity of the 1309-keV (2−, 3− → 2+1 )

transition which does not exhibit a Doppler shift in the

present data. The branching ratio [17] and the effi-

ciency calibration were taken to account as well. The

line-shape fit of the 576-keV (2+2 → 2+1 ) transition is

shown in Fig. 3 (a) and the lifetime of the 2+2 state

is determined to be 1.24(18) ps. In the line-shape fit

of the 1263-keV (2+2 → 0+1 ) transition an unidentified

contaminant with Eγ = 1258 keV had to be fitted si-

multaneously with the 1263-keV line. The lifetime of

the contaminant is not known and in order to extract

the lifetime of the 2+2 state correctly, we have consid-

ered two limits. If the lifetime of the contaminant with

Eγ = 1258 keV is assumed to be long-lived, the life-

time of the 2+2 state is determined to be 1.06(24) ps.

Fig. 3 (b) represents the line-shape fit of the 1263-keV

(2+2 → 0+1 ) transition when the contaminant is assumed

to be long-lived. The alternative limit that the con-

taminant is short-lived (τ < 1 ps) corresponds to life-

time of the 2+2 state 1.14(34) ps. For the lifetime of the

2+2 state extracted from the line-shape fit of the 1263-

keV (2+2 → 0+1 ) transition we have adopted the average
value between these two limits which is 1.10(21) ps. Av-

eraging the values obtained from the line-shape fits of

both transitions depopulating the state of interest we

have adopted 1.17(14) ps for the lifetime of the 2+2 state

of 208Po.

In addition to the particle-γ coincidence analysis,

the data were sorted in coincidences of at least one so-

lar cell and two HPGe detectors (particle-γ-γ coinci-

dences). In particular, the data were analysed in coin-

cidence mode when one of the HPGe detectors registers

γ rays with energy Eγ=686.5 keV which corresponds to

the 2+1 → 0+1 transition in 208Po. In this case the life-

time of the 2+2 state of 208Po was extracted only from

the line-shape fit of the 576-keV γ-ray line where the

extra contribution of the counts coming from 575-keV

(2−, 3− → 3+1 ) transition is taken into account as well.

The line-shape fit of the 576-keV (2+2 → 2+1 ) transi-

tion obtained from the particle-γ-γ coincidence data is

shown in Fig. 3 (c). Here the lifetime of the 2+2 state

is determined to be 1.21(36) ps which is in good agree-

ment with the value extracted from the particle-γ co-

incidence analysis.

The lifetime of the 2+2 state of 208Po together with

the available spectroscopic information and the result-

ing transition strengths are summarized in Table 1. In

this table is presented the lower limit of the B(M1)

transition strength because of the upper limit of the

multipole mixing ratio, δ ≤ 0.48 (cf. Ref. [17] which is

based on the αK conversion coefficients obtained in Ref.

[18]). If we assume δ = 0, the upper limit of the B(M1)

transition strength is extracted to beB(M1; 2+2 → 2+1 ) =

0.143(17) µ2
N . Then we can conclude that the 2+2 state

of 208Po decays with a sizable M1 transition to the 2+1
state with 0.116(14) < B(M1) < 0.143(17) µ2

N . This

experimental signal reveals a predominant isovector na-

ture of the 2+2 state of 208Po.

Within the present experiment the lifetimes of two

additional levels of the nucleus 208Po were measured as

well. These levels are the (3+, 4+, 5+) state at excitation

energy Elevel = 2149 keV and the 4+2 state at excita-

tion energy Elevel =1583 keV (cf. Fig 1). The lifetime

of the state with Elevel = 2149 keV was obtained from

the line shape of the 566-keV (3+, 4+, 5+ → 4+2 ) transi-

tion. The 566-keV line shows well pronounced Doppler-

shifted shape which allows the determination of the

lifetime of this state. The line-shape fit of the 566-

keV transition obtained with the program APCAD is

shown in Fig. 4(a) and the lifetime of the state with

Elevel = 2149 keV is determined to be 0.47(5) ps. The

lifetime of the second 4+ state of 208Po was extracted

from the line shape of the 897-keV (4+2 → 2+1 ) transi-

tion. In order to extract correctly the lifetime of the 4+2
state of 208Po the influence of the feeder transition with

Eγ =566 keV (3+, 4+, 5+ → 4+2 ) had to be considered.

For this purpose we estimated that the feeding to the

4+2 state via the 566-keV transition is 18%. Since no

other feeding transitions to the 4+2 state are observed

we have accepted that the missing 82% are due to direct

feeding from the used transfer reaction. The intensity

coming via the 566-keV transition together with the

measured lifetime of the (3+, 4+, 5+) state was taken

into account by the fitting procedure for the lifetime of

4+2 state. The line-shape fit of the 897-keV (4+2 → 2+1 )

transition is shown in Fig. 4(b) and the lifetime of the

4+2 is determined to be 3.4(9) ps. The lifetimes of the

(3+, 4+, 5+) and 4+2 states of 208Po together with the

available spectroscopic information and the resulting

transition strengths are summarized in Table 2. It has

to be noted that the 163.5-keV transition depopulating

the 4+2 state of 208Po [17] is not included in this ta-

ble because there is no available information about its

multipole mixing ratio which does not allow the abso-
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Fig. 3 (Color online) The line-shape fits of the 576-keV (2+
2 → 2+

1 ) (a) and 1263-keV (2+
2 → 0+

1 ) (b) transitions using the

particle-γ analysis, and the line-shape fits of the 576-keV (2+
2 → 2+

1 ) transition using the particle-γ-γ analysis (c). The upper
panels present the γ lines registered by the HPGe detectors at forward angles, and the bottom panels present the γ lines detected
by the detectors at backward angles. The line-shape fits are obtained with the program APCAD where the solid (red) lines
represent the total fits. The crossed (blue) areas show the background regions. The contribution of the counts stemming from

575-keV (2−, 3− → 3+
1 ) transition is taken into account (green) (a,c). An unidentified stopped contaminant with Eγ = 1258

keV is fitted simultaneously (green) with 1263-keV line (b). The lifetimes extracted from these fits are presented as well.

Table 1 Properties of the 2+
2 state of 208Po and γ-ray transitions originating from its decay. Given are the excitation energy

(Elevel), the spin and parity quantum numbers of the level (Jπ) and of the final levels (Jπfinal), the energies (Eγ), the relative

intensities (Iγ), the total electron conversion coefficient (α), and the multipole mixing ratio (δ) of the γ-rays transitions [17].
The lifetime of the state and the absolute transition strengths are from the present study, B(E2) values are given in e2fm4

(1 W.u.= 73.21 e2fm4), and the B(M1) values are given in µ2
N.

Elevel Jπ Jπfinal Eγ Iγ α δ τ (ps) Transition strength

(keV) (keV) % Jπ → Jπfinal

1263.0 2+
2 0+

1 1263.0 64(7) 1.17(14) B(E2) = 85(13)

2+
1 576.5 100(11) 0.085(7) ≤ 0.48 B(M1) ≥ 0.116(14)

B(E2) ≤ 1158(139)

lute transition strengths of the 4+2 → 3+1 decay to be

extracted.

4 Conclusions

In the present study we have determined the lifetimes of

three excited states of 208Po by means of the Doppler-

shift attenuation method. The excited states of the nu-

cleus were populated using an α-transfer reaction. The

lifetimes of the (3+, 4+, 5+) state at excitation energy

2149 keV and the 4+2 state at energy 1583 keV were

determined to be 0.47(5) ps and 3.4(9) ps, respectively.

The lifetime of the 2+2 state of 208Po is determined to

be 1.17(14) ps. Using the available spectroscopic in-

formation we have extracted the absolute transition

strengths. The most important experimental result in

the present study is that the second 2+ state of 208Po

decays with a sizable M1 transition to the 2+1 state with

0.116(14) < B(M1) < 0.143(17) µ2
N . This value is com-

parable to the one observed for the nucleus 212Po [13]

which is the particle-hole miror partner of 208Po with
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Table 2 Properties of the (3+, 4+, 5+) and 4+
2 states of 208Po and γ-ray transitions originating from their decays. Given are

the excitation energy (Elevel), the spin and parity quantum numbers of the levels (Jπ) and of the final levels (Jπfinal), the

energies (Eγ), the relative intensities (Iγ), the total electron conversion coefficient (α), and the multipole mixing ratio (δ) of
the γ-rays transitions [17]. The lifetimes of the state and the absolute transition strengths are from the present study, B(E2)
values are given in e2fm4 (1 W.u.= 73.21 e2fm4), and the B(M1) values are given in µ2

N.

Elevel Jπ Jπfinal Eγ Iγ α δ τ (ps) Transition strength

(keV) (keV) % Jπ → Jπfinal

2149.4 3+, 4+, 5+ 4+
1 802.4 100(6) 0.038(1) ≤ 0.3 0.47(5) B(M1) ≥ 0.112(13)

B(E2) ≤ 225(27)

4+
2 566.2 85(9) 0.073(19) 0.7(2) B(M1) = 0.192(45)

B(E2) = 4210(585)

1583.2 4+
2 2+

1 896.7 100(4) 0.0092 3.4(9) B(E2) = 367(97)

4+
1 236.7 10.2(9) 0.96(5) ≤ 0.39 B(M1) ≥ 0.051(17)

B(E2) ≤ 1990(660)

respect to the neutron number N=126. Even though

the extracted B(M1) is lower than the typical ones ob-

served in the cases of single-isolated MSSs, it is quite

comparable to some values observed for MSSs in mass

A≈ 90 and A≈ 130 regions [6]. Moreover, theB(M1; 2+2 →
2+1 ) in 208Po is significantly larger than the M1 strength

observed between states without certain proton-neutron

symmetry such as 2+2 state of 210Po [30]. These facts al-

low us to interpretate the sizable B(M1; 2+2 → 2+1 ) in
208Po as an experimental signature for isovector state.

Therefore, we could conclude that the experimental data

from the present study reveals an evidence that the 2+2
state of 208Po is of isovector nature and as such it can

be considered, at least, as a fragment of the one-phonon

mixed-symmetry state. To corroborate further this con-

clusion and to get more insights on the structure of the

low-lying states of 208Po more experimental data espe-

cially on transition rates as well as detailed theoreti-

cal calculations are needed. The latter can be sought

by extending the shell model calculations for 208Po in
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Ref. [31] or by performing shell model calculations with

realistic interactions.
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